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In Brief
Sladewski et al. show that the actin track regulates the ability of myosin Vc to transport cargo. The irregular step size and frequent back steps of myosin Vc restrict motion to actin bundles, consistent with in vivo trafficking of exocrine secretory granules being targeted to newly discovered actin cables built at the cellular apical surface.
A hallmark of the well-studied vertebrate class Va myosin is its ability to take multiple steps on actin as a single molecule without dissociating, a feature called ''processivity.'' Therefore, it was surprising when kinetic and single-molecule assays showed that human myosin Vc (MyoVc) was not processive on single-actin filaments [1] [2] [3] . We explored the possibility that MyoVc is processive only under conditions that resemble its biological context. Recently, it was shown that zymogen vesicles are transported on actin ''superhighways'' composed of parallel actin cables nucleated by formins from the plasma membrane [4] . Loss of these cables compromises orderly apical targeting of vesicles. MyoVc has been implicated in transporting secretory vesicles to the apical membrane [5] . We hypothesized that actin cables regulate the processive properties of MyoVc. We show that MyoVc is unique in taking variable size steps, which are frequently in the backward direction. Results obtained with chimeric constructs implicate the lever arm/rod of MyoVc as being responsible for these properties. Actin bundles allow single MyoVc motors to move processively. Remarkably, even teams of MyoVc motors require actin bundles to move continuously at physiological ionic strength. The irregular stepping pattern of MyoVc, which may result from flexibility in the lever arm/rod of MyoVc, appears to be a unique structural adaptation that allows the actin track to spatially restrict the activity of MyoVc to specialized actin cables in order to co-ordinate and target the final stages of vesicle secretion.
RESULTS AND DISCUSSION

Single MyoVc Motors Do Not Move Processively on Actin
Here, we test the hypothesis that MyoVc can move processively as a single molecule when assayed under conditions that mimic its cellular environment during transport. We expressed a truncated, constitutively active dimeric human myosin Vc (MyoVc) construct using the baculovirus/Sf9 cell expression system (Figure 1A ; Figure S1A ). The C terminus of the heavy chain has a biotin tag for attachment to streptavidin-quantum dots (Qdots). MyoVc was co-expressed with a calmodulin that does not bind calcium (CaMDall) [6] , because it produces a more homogeneous protein preparation by reducing calmodulin dissociation from the lever arm. To further ensure full occupancy of the lever arm, excess CaMDall was present throughout the protein preparation and in single-molecule assay solutions. Total internal reflection fluorescence (TIRF) microscopy was used to track single motors with high spatial (6 nm) and temporal (33 ms) resolution [7] .
Consistent with previous studies [1] [2] [3] , MyoVc did not move processively on individual actin filaments at 1 mM MgATP (Figure 1B) . Occasionally, Qdots associated with individual actin filaments for 1.0 ± 1.4 s (mean ± SD) but gave no net displacement (Table 1 ; Movie S1). Binding of any of three prevalent human cytoplasmic tropomyosins (Tpm3.1, Tpm1.8, and Tpm4.2) to actin did not convert MyoVc into a processive motor. We previously showed that tropomyosin was essential for a class V myosin from budding yeast (Myo2p) to move processively [8] .
The MyoVc Motor Domain Supports Processive Motion when Coupled to the Lever Arm/Rod of MyoVa Processive motion requires that one motor domain remains bound to the actin track at all times. This requires that the motor has a high duty cycle, i.e., remains tightly bound to actin for more than half of its ATPase cycle. Transient kinetic studies of a singleheaded MyoVc inferred a duty cycle <50%, implying that the kinetics of the MyoVc motor domain are incompatible with processivity [1] [2] [3] .
This inference was tested with a chimera composed of the MyoVc motor domain joined to the lever arm/rod of processive MyoVa (VcVa) ( Figure 1A ). This chimera moved processively on single actin filaments at 1 mM MgATP, with a run length of 0.18 mm and an average speed of 0.5 mm/s (Table 1 ; Figures  1B and S1B ). This result has two important implications. First, the ability of single molecules to move processively implies that the MyoVc motor domain has a duty cycle >50%. The VcVa chimeric construct has a shorter run length than that of MyoVa (Table 1; Figure S1B ). Run length increases with duty cycle; thus, the MyoVc motor domain likely has a duty cycle less than the >70% duty cycle of MyoVa [9, 10] , which supports a run length of 0.48 mm under comparable conditions ( Figure S2 ).
Interestingly, the actin concentration at half-maximal ATPase (K actin ) is less for VcVa than for MyoVc. This observation implies that the MyoVa lever arm/rod either promotes binding of the second head to actin or enhances communication between the two heads, properties that would enhance run length in single-molecule assays. These experiments suggest that features in the lever arm and/or rod domains of MyoVc preclude its ability to move processively, perhaps by introducing flexibility in the molecule and diminishing inter-head coupling. Processive run lengths are enhanced when the two actin-bound heads are coupled via strain, which slows ADP release from the leading head and keeps it attached until the trailing head swings forward and rebinds to actin [11, 12] . Because of intramolecular strain, the effective duty cycle of a two-headed construct, which is predictive of processivity, cannot be determined solely from a singleheaded construct [3] . The lever arm of class V myosins has six IQ motifs (consensus sequence IQxxxRGxxxR), each of which bind calmodulin. A three-amino-acid insert (KAI) in the MyoVc lever arm increases the spacing between IQ motifs 2 and 3, compared with MyoVa and MyoVb ( Figure S3A ). When these three amino acids were deleted to restore typical IQ spacing, MyoVcDKAI remained non-processive on single actin filaments.
Kinetic studies showed that MyoVc has a high affinity for MgADP, and simulations predicted that its duty ratio could be elevated to more than the 50% needed to support processive motion in the presence of MgADP [1] . Addition of 200 mM MgADP to the single-molecule motility assay produced a few runs, but they were $20-fold less frequent than the VcVa chimera (Figure 1B) . Therefore, MgADP is not likely to be the physiologic switch for processivity.
Is the Vc lever arm/rod sufficient to abolish the processivity of MyoVa? Processive events of VaVc, a chimeric construct containing the known high duty cycle motor domain of MyoVa, Step Size (nm) Step Size (nm) Number of steps
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Step size histograms of (D) MyoVa, (E) MyoVc, and (F) a VcVa chimeric construct. Histograms were fit to single or multiple Gaussian distributions to determine the average step sizes ± SD for each construct; MyoVa, 37 ± 6.8 nm (n = 173); MyoVc, 33 ± 10.6 nm; and À33 ± 11.4 nm (n = 247); VcVa, 38 ± 7.5 nm (n = 177). See also Figures S1-S4 and Movie S1. and the lever arm/rod domains of MyoVc were rare and $7-fold reduced in run frequency compared with the VcVa chimera (Figure 1B) . We conclude that MyoVc is non-processive primarily because of elements in the lever arm/rod.
The Lever Arm/Rod of MyoVc Is Responsible for Back Steps The stepping dynamics of MyoVc and MyoVa at low MgATP concentrations were compared to gain mechanistic information about how structural features in the rod/lever arm of MyoVc impact coordinated stepping on actin. 0.5 mM MgATP is necessary to resolve individual step displacements, and allows MyoVc to take multiple steps because nucleotide binding becomes rate limiting. Center-of-mass displacements were monitored with a Qdot bound to the C terminus of the heavy chain. The average step size was determined by fitting a Gaussian to the step size histogram. MyoVa takes only forward steps, with an average step size of 37 nm ± 6.8 nm (mean ± SD) ( Figures 1C and 1D) , consistent with previous studies under unloaded conditions [7, 13, 14] . Strikingly, we found that, under the same conditions, MyoVc takes $40% back steps ( Figures 1C and 1E ). The average size of the back steps (À33 nm ± 11.4 nm) is approximately the same size as that of forward steps (33 nm ± 10.6 nm), suggesting a reversal of the powerstroke. Similar stepping properties were observed with a MyoVc construct containing a biotin tag on the N terminus for Qdot attachment to the motor domain ( Figure S3B ). The SDs of the forward and back steps of MyoVc (11 nm) are larger than for MyoVa (7 nm), indicating that MyoVc has a more variable stepping pattern. Additional flexibility in the lever arm/rod may allow the motor to access multiple actin binding sites along the filament. MyoVcDKAI, which lacks the amino acid KAI in the lever arm, has a step size distribution identical to that of MyoVc ( Figure S3C ). In contrast, the stepping pattern of the VcVa chimera was identical to that of MyoVa, with no back steps and an average step size of 38 nm ± 7.5 nm (Figures 1C and 1F) . The SD of the step size distribution of the VcVa chimera is similar to that of MyoVa ( Figure 1F ). The step size variability of MyoVc and its back stepping behavior thus result from structural features in the lever arm/rod and not the properties of the motor domain per se.
One reason for the unusually high percentage of back steps for MyoVc is the frequent occurrence of back-forward and forwardback steps with $10-fold faster lifetimes than that of typical MyoVc or MyoVa stepping (Figures S4A-S4D) . Their short lifetimes likely explain why they were not observed previously [3] . The slow rate of ATP binding [1, 2] at 0.5 mM MgATP ($0.5 s
À1
) suggests that these displacements are not ATP dependent. Back steps are also observed for MyoVa under a resistive load [15] or when it steps short of its preferred actin binding site under no load [16] . These missteps are thought to result in an off-axis component to the resistive load that weakens the actomyosin bond, causing leading head detachment. The broad step size distribution of MyoVc indicates that the motor frequently falls short of this preferred 36 nm pseudo-repeat of the actin filament. Thus, back stepping under unloaded conditions may result from off-axis strain.
MyoVc Moves Processively as a Single Molecule on Actin Bundles
MyoVc appears to function predominantly in the trafficking of large ($0.5 mm) exocrine secretory granules [5, 17, 18] . Interestingly, this transport occurs on specialized $4 mm actin cables composed of multiple parallel actin filaments that emanate from the apical side of epithelial cells [4] (Figure 3F ). The broad step size distribution of MyoVc suggested that it may move better on actin bundles that provide additional lateral actin binding sites, which enhance the probability of at least one head remaining bound to actin. We imaged single MyoVc motors bound to a Qdot moving on actin-fascin bundles, which are composed of multiple parallel actin filaments separated by $9 nm [19] . Remarkably, on actin bundles, MyoVc showed long processive runs as a single molecule at 1 mM MgATP, with a characteristic run length (l) of 0.49 mm and a speed of $0.5 mm/s (Figures 2A  and 2B ; Table 1 ; Movie S2).
We investigated whether temperature could increase MyoVc run length on actin bundles. Kinetic studies showed that the ATP hydrolysis step for MyoVc is shifted to the pre-hydrolyzed form (M.ATP) [1, 2] . Increasing temperature should shift the equilibrium to the M.ADP.P i state and favor flux through the strongbinding AM.ADP state, thus increasing duty cycle and run length [20, 21] . When temperature was increased to 37 C, MyoVc remained non-processive on single actin filaments, but run length was enhanced $2.5-fold on actin bundles ( Figure 2B ; Table 1 ). This observation suggests that physiologic temperature enhances the duty ratio of MyoVc but is not sufficient for MyoVc to move processively on single actin filaments, presumably because the stepping pattern remains too variable.
MyoVc moves on actin bundles with large lateral displacements giving a serpentine-like quality to the x,y run coordinate trajectories ( Figure 2C ). Run speeds measured along these trajectories are consistent with stepping rates for the VcVa chimera, but the net speed along the axis of the bundle is reduced $2-fold ( Figure 2C , dashed red line), which may contribute to the slow speeds observed for secretory vesicles in MCF-7 cells and primary cultures of pancreatic acini ($30 nm/s) [4, 5] . MyoVc motility is reminiscent of the somewhat random nature of vesicle trafficking in vivo [5] , a likely consequence of back and side steps.
MyoVc Motor Ensembles Also Require Actin Bundles for Motility at Physiological Ionic Strength
Secretory vesicles are likely transported by multiple MyoVc motors in the cell [5] . We asked whether multiple MyoVc motors showed the same requirement for bundled actin as single motors did. At low ionic strength (25 mM KCl), MyoVc motor ensembles are motile on single actin filaments (Table 1) ; this is consistent with a recent study, which showed that two MyoVc motors coupled via a DNA scaffold moved continuously on single actin filaments at low ionic strength [3] . This study did not explore the effect of ionic strength. We hypothesized that actin bundle track selectivity will persist even if cargoes are moved by multiple motors, provided that the ionic strength is near physiologic levels (150 mM KCl). Consistent with this idea, MyoVc motor ensembles are non-motile on single actin filaments at physiological ionic strength (Figures 2D and 2E ; Table 1 ; Movie S3) but show robust motility on actin bundles (Figures 2D-2F ; Table 1 ; Movie S4) at 1 mM MgATP with a run length of 0.35 mm. Single MyoVc motors showed very few processive events on actin bundles at 150 mM KCl, with a short $150 nm run length. These data imply that MyoVc has evolved to move in teams on actin bundles that mimic the actin cables in the cell. The localization of cables at the apical surface of the exocrine pancreas may restrict granule transport to the apical membrane by providing the only track suitable for continuous motion.
Myosin Vc Has Greater Access to Binding Sites in an Actin Bundle
We pursued how an actin bundle could be a ''processivity factor'' for MyoVc. Actin bundles moderately enhance the run length of MyoVa [22] by providing additional binding sites that reduce run termination. Access to these lateral binding sites requires considerable flexibility in the motor, presumably at the lever arm-rod junction [23] [24] [25] [26] . If MyoVc has additional flexible elements in the lever arm/rod, it should, in principle, have even greater access to lateral actin binding sites. To test this idea, we compared the stepping dynamics of MyoVc, MyoVa, and the VcVa chimera on actin bundles. Qdots bound to the C terminus of the heavy chain were tracked with high temporal (33 ms) and spatial (6 nm) resolutions. Representative x,y trajectories show how motors explore the actin bundle differently ( Figures  3A-3C ). The trajectories were rotated so that the center axis of the bundle runs parallel to the x axis. Displacement in the x direction represents movement along a single actin filament, while displacement in the y direction requires switching to an adjacent actin filament in the bundle. MyoVc shows more lateral displacements and samples more filaments in a bundle, compared to MyoVa and VcVa (Figures 3A-3C ). This was quantified by determining the average x,y position of each step (square) and measuring the turning angle (q) between successive steps (Figures 3A-3D ). The average turning angle was determined by fitting the histogram of angles with a Gaussian. The SD of this fit is a measure of the variation in the turning angle of the motor. Motors with larger turning angles more effectively explore multiple filaments in a bundle over a given time period. MyoVa and VcVa have a relatively narrow turning angle distribution (SDs =  24 and 14 , respectively), with the majority of its steps moving straight (means = À0.8 and 3.6 , respectively) ( Figure 3D ), consistent with previous studies [22] . MyoVc also moves with little right or left bias (mean = 8.3
) but has a very broad turning angle distribution (SD = 128 ), indicating that the motor side steps with a higher probability compared with MyoVa and VcVa ( Figure 3D) .
We quantified the average lateral displacement between steps. MyoVc has a 63% longer average lateral displacement, compared with that of MyoVa, and a 73% longer displacement compared with that of the VcVa chimera ( Figure 3E ). Taken together, these results indicate that MyoVc is more effective at accessing multiple actin filaments in a bundle than MyoVa. This property is due to the lever arm and rod domains, since a chimeric construct of MyoVc containing the MyoVa lever arm/ rod steps more like MyoVa on single actin filaments and actin bundles.
Unique Features of MyoVc Bundle Selectivity
Some forced dimers of myosin 10 (Myo10), a motor found at the tips of filopodia, move preferentially on parallel actin bundles instead of single actin filaments [27] [28] [29] . An NMR (nuclear magnetic resonance) structure of the coiled-coil region of Myo10 [30] provided structural evidence consistent with bundle selectivity. Myo10 has been hypothesized to use an antiparallel coiled coil to favor the two heads being optimally attached to adjacent filaments in a bundle rather than to a single actin filament. We found an alternative mechanism by which MyoVc selectively moves on bundles. MyoVc forms a parallel coiled coil, and the mechanism for bundle selectivity appears to involve additional flexibility in the lever arm/rod regions of MyoVc, which causes irregular and backward steps that cannot be accommodated on a single actin filament. Thus, nature has used two very different mechanisms to achieve the same goal of specifying motor location (filopodia versus apical actin cables) by altering track morphology. It has been inferred, but not proven, that MyoVc transports secretory vesicles. Our findings show that MyoVc has been tuned for transport on bundles. Given that actin cables have been recently shown to be necessary for orderly apical targeting of vesicles in vivo [4] , this study provides the first supporting biophysical evidence implicating MyoVc in this process. This study also demonstrates, for the first time, that an actin track regulates not only the properties of single motors but also the properties of teams of motors, a situation that more accurately reflects cargo transport in the cell [5] . We show that bundle selectivity is retained, even with small ensembles of MyoVc, provided that the solvent approximates physiologic ionic strength. This study highlights an elegant but simple mechanism by which transport by a human class V myosin can be spatially localized in the cell.
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